Modelling of metal polluant leaching through a smectite. by Proust, Chantal et al.
Modelling of metal polluant leaching through a smectite.
Chantal Proust, Agne`s Jullien, Roger Le´de´e, Lydie Le Forestier
To cite this version:
Chantal Proust, Agne`s Jullien, Roger Le´de´e, Lydie Le Forestier. Modelling of metal pol-
luant leaching through a smectite.. Applied Clay Science, Elsevier, 2012, 59-60, pp.13-18.
<10.1016/j.clay.2012.01.017>. <insu-00665250>
HAL Id: insu-00665250
https://hal-insu.archives-ouvertes.fr/insu-00665250
Submitted on 9 May 2012
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License
 1 
Title of the article 1 
 2 
MODELLING OF METAL POLLUTANT LEACHING THROUGH A SMECTITE 3 
 4 
 5 
Authors 6 
Chantal Proust
1,2,3*
, Agnès Jullien
4
, Roger Lédée
5
, 
 
Lydie Le Forestier
1,2,3
 7 
1 Univ d’Orléans, ISTO, UMR 7327, 45071, Orléans, France 8 
2
 CNRS/INSU, ISTO, UMR 7327, 45071 Orléans, France 9 
3
 Polytech’Orléans, 8 rue Léonard de Vinci, 45072 Orléans Cedex 2, France.  10 
4
 LUNAM Université, IFSTTAR, IM, EASE, route de Bouaye CS 4, 44344 Bouguenais 11 
Cedex, France  12 
5
 Université d’Orléans, Institut PRISME, équipe projet ISS, 12 rue de Blois, BP 6744, 45067 13 
Orléans Cedex 2, France 14 
 15 
* Author to whom correspondence should be addressed: 16 
Chantal.Proust@univ-orleans.fr 17 
Tel : +33 238 41 72 90, Fax : +33 238 41 73 29 18 
19 
*Manuscript
Click here to download Manuscript: Proust_revised_manuscript.doc Click here to view linked References
 2 
Abstract 20 
Laboratory tests are performed to characterise the soaking and retention properties of a clay 21 
barrier (Fo-Ca) under controlled homogeneous conditions. A physical model that allows 22 
calculating the retention properties and kinetics observed during the test is then detailed, and 23 
lastly simulations are examined using various soaking conditions. The results show the model 24 
predictions of cumulative cation concentrations in leachates (i.e. copper retention by clay). 25 
These curves are accurately fit by the model with the experimental data for the leaching 26 
phenomena. Clay retention capacity until reaching a physical limit in the exchanges is 27 
evidenced as well, with this limit being input into the model as the clay CEC. 28 
 29 
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1. Introduction 34 
 35 
In pursuit of sustainable development goals for the benefit of future generations, it is 36 
important to preserve the quality of water resources in order to protect human health. While 37 
humanity faces the challenge of increased waste production (OECD, 1997) across all 38 
countries, the techniques for eventually confining waste vary throughout the world. The 39 
multi-barrier system has been adopted in several countries, and this includes the use of natural 40 
or geosynthetic clay liners at the bottom of landfills. In the European Union, a geological 41 
barrier at least 1 m thick with a hydraulic conductivity of 1.10
-9
 m.s
-1
 is required for municipal 42 
waste landfills, as established in European Council Directive 1999/31/EC (OJEC, 1999). In 43 
the United States, the Environmental Protection Agency (EPA) imposes groundwater 44 
protection measures, although the owners/operators of Municipal Solid Waste landfills are 45 
given flexibility in the design of their units: for example, the ability to use a liner, and the type 46 
and thickness of the liner system may vary from state to state (EPA, 1993). 47 
Due to the long-term storage of waste or the use of waste in construction materials, pollutants 48 
are either in contact with soils or transported through the ground when mixed with rainfall 49 
under varying temperature conditions. Hence, climatic pressure leads to pollutant leaching 50 
towards the soil. Depending on the soil mineral composition, and more specifically the clay 51 
proportion, this composition acts as an initial barrier for pollutant retention. Retention 52 
properties are indeed expected to depend on soil water content upon first contact with the soil. 53 
Beyond these potential soil retention properties, which must be determined through laboratory 54 
testing, the reversibility of pollutant fixation needs to be investigated as well. Consequently, 55 
the presence of various pollutant species, such as heavy metals, in soil constitutes a potential 56 
source of groundwater pollution. In the literature, some authors point out the fact that 57 
 4 
renewable resources like groundwater must be preserved in the interest of human health and 58 
the important challenge this represents (Rosegrant, 1997). 59 
The accumulation of toxic metals in soils, soil organisms, plants and groundwater can have a 60 
dramatic impact on water supply quality, which in turn may pose a health risk to human and 61 
animal populations (Brigatti et al., 1995). For example, despite being essential to life in low 62 
concentrations, copper at excessive levels may be detrimental to health. Heavy metal retention 63 
is thus the basic property required to introduce geochemical barriers against aquatic pollution. 64 
In this context, expansive compacted clays are often used as engineered barriers for household 65 
waste disposal sites; the typical retention properties of these barriers will now be investigated. 66 
 67 
Over the past few decades, many studies have been conducted to demonstrate the role of 68 
expansive clay minerals in retaining pollutant metals and hence in limiting their mobility 69 
within natural systems; these studies have also been aimed at improving the understanding of 70 
sorption processes. On the one hand, experiments have been carried out to test the parameters 71 
controlling these processes, such as pH, ionic strength (e.g. Auboiroux et al., 1996; Abollino 72 
et al., 2003; Tan et al., 2008; Zhu et al., 2008) and the competitiveness of clay minerals 73 
(Helios Rybicka et al., 1995). While on the other hand, models have been developed to 74 
describe the primary mechanisms involved, i.e. cation exchange, surface complexation (e.g. 75 
Bradbury and Baeyens, 1997; Tournassat et al., 2004) from the micrometric down to the 76 
nanometric scale. 77 
Cation Exchange Capacity (CEC) is a key parameter typically found in the literature for 78 
evaluating the retention properties of clays. CEC can be defined as the quantity of cations 79 
available for exchange at a given pH (Bergaya and Vayer, 1997) and has two origins: 1) the 80 
presence of permanent charges resulting from isomorphous substitutions in the octahedral and 81 
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tetrahedral sheets of clay minerals, and 2) the formation of negative charges at the edges 82 
(Ammann et al., 2005). 83 
For this paper, laboratory tests are performed to characterise the soaking and retention 84 
properties of a clay barrier under controlled homogeneous conditions. A physical model that 85 
allows calculating the retention properties and kinetics observed during the test is then 86 
detailed, and lastly simulations are examined using various soaking conditions. 87 
 88 
2. Experimental methods 89 
 90 
2.1. Materials and solutions 91 
The expansive mineral clay used in this investigation is a French clay known as Fo-92 
Ca, which represents a natural Ca-smectite originating in the Paris basin from the Ypersian 93 
(Sparnacian) age. This Fo-Ca clay has been characterised during a previous study (Jullien et 94 
al., 2002) by inductively coupled plasma atomic emission spectrometry (ICP-AES) as well as 95 
by X-ray diffraction. The Cation Exchange Capacity (CEC) of Fo-Ca was determined by 96 
applying the cobalt complex method (Orsini and Rémy, 1976), for which 250 mg of dry clay 97 
were suspended in 25 mL of a 0.0167 M (i.e. 0.05 eq L
-1
) cobaltihexamine solution 98 
([Co(NH3)6]Cl3), with a pH equal to 6.0. The samples were shaken for 2 hours and then 99 
centrifuged at 19,000 revolutions per minute for 1 hour. The Co concentration of each 100 
supernatant was measured by means of colorimetry using a Hitachi U-1100 101 
spectrophotometer, at a wavelength of 473 nm. The CEC values were calculated as follows: 102 
 CEC = (Ci – Cf).(V / mc).10 (1) 103 
with CEC being expressed in meq/10 g of calcined clay, Ci is the initial concentration (eq L
-1
), 104 
Cf the final concentration (eq L
-1
), V the volume (L), and mc the mass of clay (g) obtained 105 
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after calcination at 1,000°C for 12 hours. In opting for this procedure, the CEC of the Fo-Ca 106 
clay is equal to 8.0 ± 0.6 meq/10 g. 107 
 108 
For the present study, pollutant retention is being investigated using a single ion; the copper 109 
ion was chosen in reference to numerical simulations (Wu and Li, 1998), which revealed the 110 
greater mobility of this ion in comparison with other heavy metals under the nearly neutral 111 
leachate. The soaking copper solutions were prepared by dissolving copper nitrate in distilled 112 
water. The copper concentration had to be made realistic by taking into account both the 113 
composition of landfill leachates and the laboratory test duration. The review by Christensen 114 
et al. (2001) showed that copper concentrations in landfill leachates are low, ranging from 115 
0.005 to 10 mg L
-1
, i.e. between 8.10
-8
 and 2.10
-4
 mol L
-1
. The targeted concentrations were 116 
ultimately set equal to 0.1 mol L
-1
 (pH = 4.0) and 0.2 mol L
-1
 (pH = 3.1), according to a 117 
previous study (Jullien et al., 2002) and in order to minimise pollutant transfer time, hence the 118 
test duration. The chosen value of 0.1 mol L
-1
 has been overestimated compared to the 119 
concentrations measured in leachates at waste disposal sites, though it remains acceptable. 120 
 121 
2.2. Laboratory test conditions 122 
 Specific equipment has been developed for this experimental campaign. The 40-mm 123 
diameter oedometric cell is composed of manganese bronze in order to obtain a low oxidising 124 
capacity relative to aggressive chemical solutions injected into the clay samples. Nitrates are 125 
not aggressive for oedometric cells (Fig. 1). The cell has been equipped with a piston for 126 
mechanical stress control. Axial displacements of the piston are then measured with a dial 127 
indicator accurate to within 0.5 µm. Porous sintered bronze plates surrounded by Teflon 128 
waterproof rings are used at both the top and bottom of the cell. Moreover, these porous plates 129 
are protected by filter paper to prevent pore obstruction by the clay. 130 
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The oedometer is connected to an injection system called a syringe (Jullien and Lecomte, 131 
2000). Solute is injected by applying mechanical pressure to the solute, with a piston 132 
connected to a pressure control device, as shown in Fig. 1. Total syringe volume equals 500 133 
mL and comprises materials that are inert with respect to a chemically-aggressive nitrate 134 
solution. If necessary, extra solution can easily be added into the syringe using a reservoir 135 
(Fig. 1). The volume of solute intake, measured from syringe piston displacements, is read 136 
from a dial indicator. Negligible strains on the syringe are obtained over the range of applied 137 
injection pressures, all of which lie below 1 MPa. 138 
The solute injection pressure is thus separately controlled from the mechanical pressure 139 
applied to the clay sample. 140 
A set of experiments was performed in order to assess long-term mass transfer under polluted 141 
conditions, through use of copper concentrations equal to 0.1 mol L
-1
 and 0.2 mol L
-1
, which 142 
thus allows determining the behaviour of clay as a barrier. The solution was injected starting 143 
at initial saturation degrees (Sr = 0.3) to test the influence of the initial pollutant concentration 144 
on long-term clay barrier behaviour. In both cases, the final density of clay after compaction 145 
reached 1.2 kN m
-3
. 146 
For all tests, 5-mm high samples were prepared from 10 g of raw Fo-Ca powder placed inside 147 
the oedometer cell (Fig. 1), then compacted to 0.5 MPa and finally unloaded. Following this 148 
procedure, the initial gravimetric water content of samples equalled 12.5%. For the soaking 149 
step, the sample was reloaded using a constant solute injection pressure up to 0.3 MPa, 150 
applied at the upper boundary (syringe), while the lower boundary was subjected to a 0.3 MPa 151 
mechanical stress. Such test conditions led to a rather short liquid leaching duration at the 152 
non-injected sample boundary, as indicated during a previous study (Jullien et al., 2002). Both 153 
the solute intake and axial strain were monitored throughout testing for all samples, and their 154 
stability was verified as part of these experiments. 155 
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 156 
2.3. Experimental results 157 
During the long-term experiments, leachates expelled from the clay were collected 158 
every 48 hours. The pH value was measured and concentrations of the Cu
2+
 metal pollutant, 159 
as well as
 
Ca
2+
, Na
+
, Mg
2+
, K
+
, Fe
2+
 and the major clay cations, were analysed by means of 160 
Atomic Absorption Spectrometry (AAS) using a Hitachi Z-8100 spectrophotometer. A flame 161 
spectrometer was used to measure Cu concentrations ranging from 10
-6
 to 10
-1
 mol L
-1
, and a 162 
graphite atomizer enabled the measurements of Cu concentrations from 8 10
-8
 mol L
-1
 to 10
-6
 163 
mol L
-1
. As previously demonstrated (Jullien et al., 2002), the measured instantaneous 164 
concentrations of cations could be accumulated to yield a new representation that allows 165 
deriving a conclusion regarding the ability of clay to fix copper and release cations over time. 166 
Fig. 2 shows the cumulative expelled copper during the experiment for a given initial copper 167 
concentration of the solution. Once the clay is saturated with copper, all input copper cations 168 
are expelled. The slope of the cumulative input vs. output concentration curves are then 169 
expected to be identical, as displayed in Fig. 3, with the delay required to reach such a regime 170 
denoted . Fig. 4 provides both the primary expelled cumulative cations (Ca2+, Na+) for the 171 
two initial copper concentrations and the total expelled cations (Ca
2+
, Na
+
,
 
K
+
, Mg
2+
,
 
Fe
2+
). 172 
Though analysed separately by AAS, only the total expelled cations are considered for 173 
purposes of this model. The evolution over time of the total cation release has been modelled 174 
in order to quantify retention capacity. Fig. 4 also reveals the limitation of the exchange 175 
process in the form of an asymptote, corresponding to the CEC of the studied clay (which has 176 
been determined separately). The same phenomenon (i.e. asymptote for the exchange process) 177 
actually occurs with both 0.1 and 0.2 mol L
-1
 for the copper solute intake, although saturation 178 
of the clay with copper cations is reached after a shorter soaking time when solute 179 
concentration is higher. 180 
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 181 
3. Modelling details 182 
 183 
3.1. General equations 184 
The previously studied clay samples can be considered as a box subjected to a known 185 
external function x(t) that delivers a known response, expressed as y(t). Both x(t) and y(t) can 186 
be determined from the kinds of experimental results discussed above. The box is assimilated 187 
to its transfer function that links x(t) and y(t). The model of such a system containing both a 188 
box and x(t) and y(t) is based on the concept of dynamic systems with transient and static 189 
regimes. This type of time-dependent system may be described by a differential equation, 190 
e.g.: 191 
 xa
dt
dx
a
dt
xd
ayb
dt
dy
b
dt
yd
b
n
n
nm
m
m 0101 ...........   (2) 192 
Such equations are usually solved using a Laplace transform. The transfer function H(s) of the 193 
system is thus obtained by a Laplace transform of Equation (1) for initial conditions set equal 194 
to zero, which then yields: 195 
 
0
0
....
....
)(
)(
)(
bsb
asa
sX
sY
sH
m
m
n
n


  (3) 196 
where s is the Laplace variable. 197 
198 
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Since the kinetics of cation exchange in the clay is a very slow phenomenon, the clay can be 199 
modelled by a first-order linear system, in which case the differential equation is reduced to: 200 
 xHy
dt
dy
..   (4) 201 
where  is the time constant, and H the gain for the permanent regime. H(s) can then be 202 
reduced to: 203 
 
s
H
sX
sY
sH
.1)(
)(
)(

  (5) 204 
In knowing x(t), X(s) can be calculated by a Laplace transform of x(t); moreover, by using the 205 
Laplace table, y(t) can be deduced. 206 
 207 
3.2. Modelling y(t), the cumulative copper concentration in leachate 208 
The system response y(t) corresponding to the copper flux in leachate (see Arrow 3 in 209 
Fig. 1) is given by: 210 
 y(t)  =  BH (t -  + e(-t/)) (6) 211 
Both B and  need to be determined, while H equals 1. In this case, B is derived from x(t), 212 
which represents the copper solute intake (meq) under permanent hydraulic test conditions 213 
(i.e. a constant soaking rate). x(t) is expressed by Equation 7 below: 214 
 x(t) = B.t (7) 215 
B is then calculated by applying the following equation: 216 
 B = V.C  (8) 217 
where V is the solute injection rate in mL h
-1 
(Fig. 1) and C the copper intake concentration, 218 
expressed in eq L
-1
. 219 
Under fixed soaking pressure conditions, the permanent regime is reached when the pollutant 220 
flux intake is identical to the expelled flux. The H parameter given in (5) becomes equal to 1. 221 
All these modelling hypotheses can be summarised into a global system, as depicted below: 222 
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  x(t) = B.t     y(t) = B (t- + e(-t/)) 223 
 Copper intake flux     Copper flux in leachate 224 
                    (meq L
-1
)       (meq L
-1
) 225 
where  is known as the time constant. 226 
 227 
4. Experimental results 228 
 229 
To analyse model robustness and validate the approach, these experimental results 230 
were first compared to simulations derived from modelling the aforementioned 0.1 and 0.2 231 
mol L
-1
 copper injection tests. The model time constants could then be calculated, i.e.  for the 232 
expelled copper measurements. These constants are then determined for each experimental 233 
copper intake concentration and fitted along with several other injected copper concentrations, 234 
as depicted in Fig. 5.  235 
Fig. 6 presents for both tests (i.e. 0.1 and 0.2 mol L
-1
 copper injection) a set of comparisons 236 
between cumulative copper concentration changes vs. time in leachates.  Fig. 7 shows model 237 
predictions of cumulative cation concentrations in leachates (i.e. copper retention by clay). 238 
These curves are accurately fit by the model with the experimental data for the leaching 239 
phenomena. Further simulations were subsequently conducted and will be discussed below.  240 
 241 
5. Discussion 242 
 243 
The model proposed in this paper is, according to the above results, considered as a 244 
possible means for investigating the exchange/retention properties of clay as a barrier over a 245 
wider range of copper injection concentrations. The trends observed when using this model 246 
under such circumstances will be discussed below. 247 
 248 
TL
-1
H(s) 
or clay 
(9) 
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The simulations of cumulative copper concentration in leachate will lead off this discussion. 249 
The predictions for initial copper concentrations varied between 0.05 and 0.5 mol L
-1
 and are 250 
displayed in Fig. 7. This curve shows the kinetic variations with concentrations as well as the 251 
expected gradient for a wide range of pollutant concentrations relative to potential landfill 252 
conditions. 253 
 254 
Fig. 8 illustrates the model predictions of cumulative cation concentrations in leachates, as 255 
given in meq/L, for initial experimental copper concentrations together with the experimental 256 
results. All the data fit well with the model. Fig. 9 shows only the model predictions of 257 
cumulative cation concentrations in leachates, as given in meq L
-1
, for initial experimental 258 
copper concentrations ranging between 0.05 and 0.5 mol L
-1
. All cumulative concentrations in 259 
meq L
-1
 are then bound by CEC, as was introduced into the model. These curves show that 260 
the model offers a description of exchange kinetics as well. 261 
 262 
It can be stated at the end of this discussion that beyond the fact that the model exhibits an 263 
accurate prediction of experimental laboratory test findings for the expelled cumulative 264 
copper, this prediction is also valuable in terms of expelled cations. Furthermore, clay 265 
retention capacity until reaching a physical limit in the exchanges is evidenced as well, with 266 
this limit being input into the model as the clay CEC. 267 
 268 
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6. Conclusion 269 
 270 
A physically-based model for both clay leaching, when injected with copper pollutants 271 
of various concentrations, and clay retention capacity has been proposed in this paper. Model 272 
principles have relied on the cation exchange properties of clay, as limited by the clay CEC 273 
value. The results from both model runs and experiments for two copper solute concentrations 274 
prove that the model can indeed predict experimental results with a good level of accuracy. 275 
The model was then applied to simulating a range of copper input concentrations compatible 276 
with ranges found in landfill site data. 277 
 278 
The hypothesis adopted, which considers the clay sample as a system subjected to an external 279 
load (such as a polluted solution) and delivering a response to this load, leads to a simple 280 
model that enables simulating and predicting the evolution of both copper and exchangeable 281 
cation concentrations in leachates over time. The model's physical basis using the clay CEC 282 
easily allows for adaptation to other expansive clays, since just the CEC value needs to be 283 
determined, whereas only two tests have to be performed to determine leaching properties. 284 
Moreover, the simulations performed as part of this study have yielded good predictions of 285 
the phenomena observed on oedometric laboratory soaking paths for small compacted clay 286 
samples introducing copper solutions. They have also provided an effective means for 287 
predicting pollutant transfer through clay barriers, whose transfer lasts a very long time. 288 
 289 
This model offers the opportunity to predict saturation times for more dilute copper 290 
concentrations, once the time constant has been determined. Both the framework and methods 291 
can then be improved with further investigations performed on other pollutants. 292 
 293 
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Figure 1. The experimental equipment: (1) nitrate copper solute intake, (2) clay sample, (3) 
leachate 
Figure 2. Concentration influence on leachate kinetics 
 
Figure 3. Cumulative cation concentrations measured in leachates versus time  
Figure 4. Copper cumulative concentration in leachates- experiments and simulations for the 
two injected copper concentrations :  0.1 and 0.2 mol/L.   
Figure 5. Exchangeable cations in leachate(Na
+
, Ca
2+
, Mg
2+
)- experiments and simulations for 
the two initial copper concentrations equal to 0.1 and 0.2 mol/L  versus time. 
Figure 6. Evolution of the time constant for the models versus copper concentration of the 
injected copper concentration. 
Figure 7. : model predictions of copper concentration in the leachate for various  injection 
concentrations. 
 
Figure8. : model predictions and experimental results of copper cumulative concentration in 
the leachate for various  injection concentrations. 
 
Figure 9 : model predictions of cation concentration in the leachate for various  injection 
concentrations. 
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Figure 4  
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Figure 7.  
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Fig 8. 
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 Figure 9 :  
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